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Abstract
A Finite Volume Community Ocean Model is used to investigate how wind impacts the
circulation and evolution of a freshwater plume from Mississippi River diversion in the Lake
Pontchartrain Estuary. Results show that northerly and southerly winds tend to stretch the
plume in the east-west directions, while easterly and westerly winds constrain the plume in
the north-south directions. Increasing wind magnitude tends to increase the total salt content
of the estuary except under weak westerly wind (<6 m/s) during which salt content decreases.
A no-motion mid-depth interface is found (by the model and verified by the data), separating
the top layer downwind flow and bottom layer upwind flow. Increasing wind magnitude can
enhance the two-layered flows and lower the no-motion plane between the two opposite
flows. Apparent small leakage of the river water through the diversion structure prior to its
opening is found to impact the vertical structure of flows and salinity: mixing is facilitated by
the large amount of freshwater leaked into the lake prior to the opening of the diversion;
wind-driven gyres are diminished; the average potential energy demand (APED), a quantity
used to measure the vertical stratification, is reduced to very low values; more deviation from
the quasi-steady state balance tends to occur; and a total of 3.7× 108 kg of salt is reduced
during the opening period of the BCS spillway. The Lake Pontchartrain Estuary is completely
dominated by the river water within about 25 days, when salinity drops from an average
value of 4 g/kg to essentially zero.
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1. Introduction
1.1. River Plumes
Coastal plumes are common both inside and outside of estuaries. A surface plume is
usually a region of buoyant water with a sharp dynamic boundary (the front) with the ambient
water. The plume spreads horizontally under gravity over the heavier and more saline
ambient water (Garvine, 1977, 1987; Kourafalou et al., 1996) while mixing occurs at the
front. The plume region is characterized by enhanced stability, increased density gradient,
and convergence at the front (Garvine and Monk, 1974; O’Donnell, et al., 1998; O’Donnell,
et al., 2008). The plume caused by the discharge of river water into coastal region has a
significant impact on suspended sediment transport (Dinnel et al., 1990), dispersion of
pollutants (Eisma, 1981; DiGiacomo et al., 2004), plankton communities (Chen, et al., 2009;
Lehrter et al., 2009), bacterial concentrations (Ackerman and Weisberg, 2003), water quality
(Araújo, et al., 2017), geo-chemical characteristics (Nezlin et al., 2008), and even air-sea
interactions (Huang et al., 2013).
Freshwater plumes are affected by a variety of factors including coastal currents, tides,
bathymetry, river discharge, and earth rotation (Oey, et al., 1993; Ou et al., 2009; Wiseman
and Garvine, 1995; Marsaleix et al., 1998; Horner-Devine, et al., 2009; Lee and ValleLevinson, 2013; Shi and Wang, 2009; Zu and Gan, 2015). For example, Halverson and
Pwalowicz (2008) reported that the salinity in a plume is a quasi-linear function of river
discharge. The study also demonstrated that the salinity of the plume varies on tidal and
fortnightly time scales and decreases the most at the end of large ebbs. On the other hand,
when the estuary width is equal to or greater than the Rossby deformation radius, the Coriolis
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effect cannot be ignored. The effect of Earth rotation will lead to a laterally asymmetric
plume and a two-layered circulation (Chao and Boicourt, 1986; Chao, 1988). Furthermore,
the Coriolis force sets up a coastal current directing the meandering plume towards the shore
(Garvine, 1987). O’Donnell (1990) discussed how alongshore currents affect the buoyant
plume and the study concluded that a smaller alongshore velocity will facilitate the expansion
of buoyant layer with a thinner plume but a larger area of the plume and more susceptible to
vertical mixing as demonstrated by Garvine (1984).
Another important factor in controlling the evolution and dynamics of a freshwater
plume is wind (Horner-Devine, 2009). Zu et al. (2014) pointed out that wind determines the
horizontal shape and spreading of the plume by wind-driven coastal currents. Winds and
ambient wind driven current play important roles in transporting the freshwater downstream
(Fong and Geyer, 2002; Dong et al., 2004; Gan et al., 2009; Hordoir, et al., 2006). For
instance, a study of Merrimack River plume by Kakoulaki et al. (2014) shows that the plumes
with scales less than 12 km are sensitive to wind direction when wind speed exceeds 4m/s.
Androulidakis et al. (2015) used a numerical model to examine the role of wind-driven
circulation on the evolution of Mississippi River plume into the Gulf of Mexico. They
demonstrated that the downstream flow over the Louisiana-Texas shelf can be strengthened
by the downwelling-favorable winds, thus deepening the plume. The transport of Mississippi
River plume water towards the Mississippi-Alabama-Florida shelf, however, can be enhanced
by upwelling-favorable wind as it eliminates or reverses the downstream current. This
observation is similar to the findings in the Delaware coastal plume (Jiang, et al., 2009).
Studies of Hickey et al. (1998) and Berdeal et al. (2002) both confirmed that
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downwelling/upwelling winds would drive the buoyant plume from Columbia River
onshore/offshore. Ekman currents associated with the upwelling favorable winds tend to
widen and thin the river plume (Fong and Geyer, 2001; Houghton et al., 2004).
Wind has a great impact on the orientation and development of freshwater or
saltwater plumes (Lentz, 1995; van den Heuvel, 2010). Walker (1999) and Walker et al.
(1996) studied the Mississippi River plume by using satellite images and in situ
measurements. They demonstrated that the northeasterly, easterly, and southeasterly winds
push the plume waters seaward, and eastward wind-related Ekman transport can enlarge the
offshore river plume. Walker et al. (2005) also investigated the relationship between the
seasonal variation of wind’s direction and the structure of the Mississippi River Plume. The
results show that river waters are driven westward by easterly winds in autumn, winter, and
spring, leading to the increased river discharge onto the Louisiana/Texas shelf. In addition,
the direction of movement of the plume can be reversed by atmospheric cold fronts. ValleLevinson et al. (2007) explored the impact of bathymetry and local and remote atmospheric
effects on the Chesapeake Bay outflow plume. The plume is found to be separated and an
inshore front is formed, in addition to the customarily described offshore front. In a study for
the Peal River estuary’s plume front in winter (Zheng et al., 2014), it was found that both
wind speed and wind direction influence the evolution of the plume. Moderate down-estuary
winds enhance estuarine stratification, while strong down-estuary winds and all up-estuary
winds reduce stratification (Chen and Sanford, 2009; Xie and Li, 2018). Li and Li (2011 and
2012) proposed that the difference between down-estuary and up-estuary wind effects on the
stratification and circulation. Both down-estuary and up-estuary winds can decrease the
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stratification when Coriolis force is not taken into consideration, down-estuary (up-estuary)
wind can induce a counterclockwise (clockwise) lateral circulation.
1.2. Plume in the low-salinity estuary – Lake Pontchartrain
The goal of this study was to investigate the river plume from the Mississippi River
water diversion into the low-salinity Lake Pontchartrain Estuary through the Bonnet Carré
Spillway. We will therefore focus on the review of previous work in this estuary in the
following.
Plumes have been observed in the Lake Pontchartrain Estuary during spring flood
season when a manmade diversion structure, the Bonnet Carré Spillway (BCS), is opened to
relieve downstream flood pressure, hence, reducing risk of flooding to the city of New
Orleans, LA. Historically, the spillway had been opened roughly every 10 years and thus the
plume occurred as an infrequent event. However, in the past decade alone, an apparent
increase of spring river flood events has led to five openings (2008, 2011, 2016, 2018, and
2019). The plume of freshwater diverted into the estuary is unique in that it is within an
enclosed, oligohaline estuary with mean salinity of only ~ 4 - 5. A total amount of 9.1
million metric tons of sand was deposited on the Mississippi River Channel adjacent to the
BCS (Allison et al., 2013) during the opening event in 2011. Georgiou et al. (2009)
investigated the salinity distributions with freshwater input from adjacent rivers and Bonnet
Carré Spillway (BCS) under tidal forcing, which indicates a significant reduction in salinity.
The low salinity, low turbidity, and high nutrient environment are favorable for the
formation of harmful cyanobacteria blooms, capable of adversely affecting water resources in
the Lake Pontchartrain Estuary (McCorquodale et al., 2009; White et al., 2009; Bargu et al.,
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2011; Roy et al, 2016). Recent studies have shown that the Lake Pontchartrain Estuary
experiences high inter-annual variability in nutrients and phytoplankton community, mainly
due to the effects of seasonal and episodic rainfall on hydrology and the Mississippi River
diversion management that cause variability in the timing and magnitude of the nutrient rich
freshwater discharge to the estuary (White, et al., 2009; Bargu, et al, 2011; Roy, et al., 2013).
Nutrient and sediment input through Bonnet Carré Spillway can result in significant changes
in dissolved inorganic nitrogen concentrations (Lane, et al., 2001; White et al, 2009) that can
potentially trigger the enhanced primary production and cause phytoplankton community
shifts.. Additionally, there is a significant increase of P in the newly deposited river sediment,
which can slowly be released over ensuing years further impacting estuarine water quality
(Roy et al, 2012).

Chao et al. (2013, 2016) revealed that a large amount of sediment is discharged into
Lake Pontchartrain, moving eastward and expanding northward after the opening of the
Bonnet Carré Spillway. Retana (2008) conducted a series of sensitivity experiments using the
Finite Volume Community Ocean Model (FVCOM) for the hydrodynamic response during
an opening of Bonnet Carré Spillway. Chilmakuri (2005) suggested that a spatially variablecounter-clockwise wind in the middle of the lake is able to direct the plume from the Bonnet
Carré Spillway eastward.
Huang and Li (2017) and Li et al. (2018a) investigated the wind-driven circulation in
the Lake Pontchartrain Estuary under barotropic conditions. The remote wind controls the
overall setup of the water level variation while local wind determines the surface slope
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(Huang and Li, 2017). A quasi-steady state balance is verified in this system as well as in
other coastal water bodies such as Barataria Bay (Li, et al., 2019b), and Elson Lagoon in the
Arctic region (Li, et al., 2019a). This quasi-steady state balance is reached because the
adjustment to wind variation in the form of a seiche in such a small system is fast enough to
reach a new balance over a time scale shorter than a tidal cycle: the wind-driven seiche would
be dissipated within 2-3 cycles lasting several hours (Li, et al., 2018a). A recent work by
Huang and Li (2019) allowing density variation further confirms that the quasi-steady
balance is asymmetric in the along- and cross- estuary directions: the R2 value between the
slope from the quasi-steady balance and that from the model result is lower in the east-west
direction because of the impact of the eastern open boundary. However, the R2 is still very
high (>0.9).
Given all the work done, the study of the dynamics of the plume induced by artificial
freshwater diversions in Lake Pontchartrain has rarely been done. Part of the reason is that
the event has been rare until more recently. The impact however, as discussed in the papers
mentioned above (McCorquodale et al., 2009, Bargu et al. 2011; Chao et al., 2013, 2016), is
significant. Especially considering the fact that what used to be decadal events now have
become much more common (almost annually, i.e. 2016, 2018, and 2019). The spillway was
opened in 2018 and 2019, the first time ever in back to back years. It is therefore of much
greater interest in learning the dynamical processes and the impact to the ecosystem, which is
dependent on the former. Here, we take advantage of a numerical model developed for this
estuary and use the 2011 diversion event as a subject to conduct such a study with numerical
experiments. The 2011 event had the largest total discharge in the five diversion events of the
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last decade, before this year (2019). We also have the advantage of clear satellite images for
model consistency verifications.
More specifically, in this study, we use a 3-D FVCOM to simulate the freshwater
diversion plume from the Bonnet Carré Spillway (BCS) of 2011 to 1) examine the impact of
wind from cold fronts on the evolution of the freshwater plume from the BCS; 2) analyze the
sensitivities of total salt contents, vertical structure of salinity and currents to the magnitudes
and directions of wind; 3) illustrate the effect of the minor leakage of river water from the
BCS before opening of the diversion on the salinity, circulation pattern, stratification, and
quasi-steady state balance; and 4) discuss the influence (residence) time of the freshwater
inside the estuary and compare it with that from Lagrangian particle tracking.

2. Study Area and Data Description
The Lake Pontchartrain Estuary (LPE, Fig.1) is a large (~1600 km2), shallow (~4 m),
and almost enclosed estuary connected to the Gulf of Mexico through three narrow inlets:
the Rigolets, Chef Menteur, and Industrial Canal. It has an oval shape with the longer axis
(~66 km) in the east-west direction and the shorter axis (~40 km) in the north-south direction
with a total volume of about 9.77×109 m3 (Keddy et al., 2007). The average salinity of the
LPE is about 4. The bottom salinity can reach as high as 12 (Li et al., 2008). The city of New
Orleans is located south of the LPE. Lake Pontchartrain has been used for river flood
diversion to protect New Orleans through a control structure, the Bonnet Carré Spillway
(BCS). The spillway is located at the southwestern corner of the estuary connecting the LPE
with Mississippi River. The spillway is about 9 km in length and the control structure
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consists of 350 “bays” each about 2.9 m wide. The structure allows a maximum of ~ 7000
m3s-1 of Mississippi River water to be diverted into the estuary (Bargu et al., 2011). The BCS
was opened after heavy rains in the Mississippi River and Ohio River valleys increased river
stages on May 9, 2011 to prevent the Mississippi River flows at New Orleans from exceeding
35000 m3/s (Allioson et al., 2013). The spillway was completely closed again on June 20,
2011. The daily discharge from BCS can be obtained from the US Army Corps of Engineers
website (https://www.mvn.usace.army.mil/) and is shown in Fig. 2. According to the US
Army Corps of Engineers, there is an amount of freshwater from Mississippi River that leaks
into the LPE through the small spaces between the wooden timbers that hold back the water
in each bay. This leakage is referred to as a minor diversion each year and occurs a few
weeks in the spring or early summer when river stage exceeds the elevation of the spillway.
The amount of the leakage is usually less than 300 m3/s (https://www.mvn.usace.army.mil/),
but may increase due to prolonged river flood stage.
In this study, observations of water level used for model validation are from NOAA’s
New Canal Station (ID: 8761927: 30º1.6’ N and 90º6.8’ W). Salinity data used for model
validation is from an USGS station at Hwy 90 near Slidell (USGS 2010011089442600,
30º10’01” N, 89º44’26” W, Fig. 1) from Jan. 01, 2011 to Sep. 30, 2011. Velocity data
recorded by an Acoustic Doppler Current Profiler (ADCP) mounted on a small boat during a
brief survey at the edge of the plume on May 11 were used to validate the two-layered flow
inside of the LPE (Site 1 in Fig. 1). The vessel-based survey used a small boat, a surface
thermosalinograph and a 1200 KHz ADCP mounted in front of a 24ft small boat. The
thermosalinograph is the SBE 45 with a pump which fetches water from the surface so that
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the water temperature and salinity are measured and recorded at 10 second ensemble
intervals. The measurements were done zigzagging across an apparent frontline in the middle
of the Lake between 1856 UTC and 1949 UTC on May 11, 2011. The ADCP was used at
almost the same time for the cross-frontal measurements. The ADCP was installed at ~ 0.4 m
below the surface and it was setup to measure the current velocity profile at 0.25 m vertical
intervals every second. Data were averaged every 20 sec.
The daily salinity and temperature data used for the open boundaries are from USGS
stations at Mississippi Sound (ID: 300722089150100) and Black Bay (ID: 07374526) from
Jul. 01, 2010 to Sep. 30, 2011. Wind and air pressure data at 6-minute intervals are the
NDBC meteorological observation at the NWCL1 station. Daily river discharge data for the
model input are from USGS stations of Pearl River (R1 in Fig. 1, USGS 02490500), East
Pearl River (R2 in Fig. 1, USGS 02492110), Amite River (R5 in Fig. 1, USGS 07380120),
Tangipahoa River (R4 in Fig. 1, USGS 07375500), Tchefuncte River (R3 in Fig. 1, USGS
07375000), and Tickfaw River (R6 in Fig. 1, USGS 07376000) between Jul. 01, 2010 and
Sep. 30, 2011. Water elevation and tide prescribed at the open boundary are the hourly data
from NOAA’s stations: Bay Waveland Yacht Club, MS (B1 in Fig. 1, Station ID: 8747437,
30º19.5’N, 89º19.5’W) for the eastern open boundary and Shell Beach, LA (B2 in Fig. 1,
Station ID: 8761306, 29º52.1’N, 89º40.4’W) for the southeastern open boundary. The
observational data from these two NOAA stations are used to represent the water level
variation of all nodes in each of the two open boundaries.

3. Model Description
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FVCOM has been widely used for studying coastal ocean hydrodynamics, especially
for regions with complicated topography (Chen et al., 2003). The governing equations are
(Chen et al., 2003):
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where x, y, z are the three axes in the east, north, and vertical directions, respectively; u, v, w,
T, and S are the x, y, z velocities, temperature, and salinity, respectively; 𝜌0 is the reference

density specified as 1000 kg/m3; 𝜌 is the density which is a function of temperature, salinity,

and pressure, P the total pressure of air and water; f the Coriolis parameter; g the

gravitational acceleration; Km the vertical eddy diffusion coefficient, determined by the
Mellor and Yamada (1982) level-2.5 (MY-2.5) turbulent closure scheme modified by
Galperin et al. (1988); Kh is the thermal vertical eddy diffusion coefficient; and Fu, Fv , FT ,
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and FS are the diffusion terms for the horizontal momentums, thermal, and salt in x and y
directions, respectively.
The surface and bottom boundary conditions are:
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where �𝜏𝑠𝑥 , 𝜏𝑠𝑦 � and �𝜏𝑏𝑥 , 𝜏𝑏𝑦 � are surface wind stress and bottom stress vectors,

respectively. H is the water depth and 𝜁 is the free surface elevation. �𝜏𝑠𝑥 , 𝜏𝑠𝑦 � is calculated
by 𝐶𝑑 𝜌𝑎 |𝑈10 |𝑈10, where 𝑈10 is the wind at 10 m height, 𝜌𝑎 is the air density (1.29 kg/m3),
and 𝐶𝑑 is the surface wind drag coefficient and is calculated by the scheme of Large and
Pond (1981) as showing in the following equations:
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determined by the following:
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2
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, 0.0025)

(11)

where k is the von Karman constant (0.4); 𝑧0 is the bottom roughness parameter, and zab is

the height above the bottom.

The model mesh has 6053 nodes and 10580 cells (Fig.1). The two open boundaries
are located at the east of Lake Borgne and the south end of Mississippi River Gulf Outlet
(MRGO), respectively. In this study, we only simulate the hydrodynamics during the opening
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in 2011. The simulation time period is from 2010/07/01 to 2011/09/30. The water level at the
two open boundaries is provided by hourly observations from the two NOAA’s stations
mentioned earlier. Spatially uniform and temporally changing wind and air pressure are
included for the atmospheric forcing. River discharges from seven rivers (Pearl River, East
Pearl River, Amite River, Tangipahoa River, Tchefuncte River, and Tickfaw River) are
included. During the opening of the BCS, discharge at the diversion structure is included as a
river from the spillway from May 09, 2011 to Jun. 19, 2011. All salinities for these rivers are
set to be 0. Temperatures for these rivers are given as the same as the observed temperature
of a USGS station at Rigolets at Hwy 90 near Slidell. The initial salinity and temperature are
obtained from the USGS observation at Rigolets at Hwy 90 near Slidell on July 1st, 2010,
which are set to be constant 1.7 and 28.7 ºC for all nodes. In simulating the freshwater
diversion, it is reasonable to add an amount of freshwater discharge due to the minor leakage
during flood season. Since there is no measurement of leakage, we can only test our model
adding a small amount of leakage by trial and error. Results show that when the leakage is set
to be 50 m3/s from Mar 01, 2011 to Mar 25, 2011, 100 m3/s from Mar 25, 2011 to May, 09,
2011, and 100 m3/s from Jun, 2011 to the end of simulation (Fig. 2), the skill score of the
simulation of salinity is increased from 0.64 (blue line in Fig. 3b) to 0.78 (black line in Fig.
3b), indicating that the leakage added in our numerical experiments is reasonable.
To examine the wind effect and the influence of the opening of the BCS, six groups of
experiments are conducted (Table 1). For all of the following experiments, salinity and
temperature are provided at the open boundary. Experiment 1 reproduces the real case using
observed water level at the open boundaries and the observed wind forcing for all nodes of
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the study area. Since the observed water level prescribed at the open boundary contains a
complex response to nonlocal weather forcing (Huang and Li, 2019), Experiment 1 simulates
the combined effect including local and remote wind effect, which is the closest to the real
condition. Experiment 2 excludes wind effect by only applying tidal forcing at the open
boundaries. Leakage is included in both Experiments 1 and 2. The comparison between
experiment 1 and 2 reveals the influence of wind. Experiment 3 excludes the influence of the
freshwater diversion by closing the BCS. This experiment aims at investigating the influence
of freshwater diversion during the opening of the BCS. Experiment 4 simulates the condition
without the leakage at the diversion but with wind stress applied on the surface and observed
water level forced at the open boundary. It is exactly the same as Experiment 1 except that no
leakage is included. Experiment 5 is a series of simulations during the opening of the
spillway from May 9th to Jun 19th, 2011. There are 28 cases in the Experiment 5. Observed
water level is applied at the open boundary for all of these experiments. Northerly, southerly,
easterly, and westerly wind are added as the atmospheric forcing. Wind magnitude increases
from 2 m/s to 14 m/s under each wind direction. Leakage effect is excluded. These
experiments are used to examine the sensitivity of circulations and salinity to wind direction
and wind magnitude. Experiment 6 is similar with Experiment 4 but no wind is added, which
only contains tidal effect when leakage is excluded.
As shown in Fig. 3a, the performance of FVCOM in simulating the water level can be
categorized as excellent with a skill score of 0.9 according to Allen et al. (2007). The
simulated salinity near the Rigolets exhibits an excellent performance (Skill score is 0.78)
when compared with the observations (Fig. 3b). Satellite image (Fig. 3c) shows the true color
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of the Lake Pontchartrain on May 16th, 2011. Since freshwater diversion from Mississippi
river can transport large amount of sediment into the Lake Pontchartrain, so the light brown
color of the true color satellite image can reflect the shape of the freshwater plume from the
BCS. Surface salinity contour plots are consistent with the satellite images (Fig. 3d).
The model results show clear and persistent two-layered flows. The analytic model
and FVCOM in Li et al. (2008) demonstrated the wind-driven two-layered flow. In Li et al.
(2018a), the two-layered flows were also demonstrated that are consistent with theories
presented in Englund (1973). Here we further compare the model results with the in situ
observations. Comparison between the vertical structure of velocity from FVCOM model
(black arrows) and that from the survey (red arrows) on May 11, 2011 is shown in Fig. 4a.
Clearly, the observations also show a two-layered flow structure and the FVCOM model is
able to reproduce it. The model also produced the correct vertical position of the no-flow
level. The front location of the plume and the salinity of the two sides of the front are
correctly reproduced compared with the observations on May 11, 2011 (Fig. 4b).

4. Results
4.1 Evolution of freshwater plume
With the opening of BCS from May, 9, 2011, freshwater was diverted into Lake
Pontchartrain. Salt content is calculated using the following equation:
𝑛𝑐𝑒𝑙𝑙

𝜁

𝑀𝑎𝑠𝑠𝑠𝑎𝑙𝑡 (𝑡) = � � 𝑆(𝑖, 𝑧, 𝑡) × 𝐴(𝑖)𝑑𝑧
𝑖=1

−ℎ

(12)
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where 𝑀𝑎𝑠𝑠𝑠𝑎𝑙𝑡 (𝑡) is the total mass of salt for the whole study area at time t; ncell is the total
number of cells of the mesh and equals 10580 in our model; h and ζ represent water depth
and free surface elevation, respectively; S(i,z,t) is salinity for the ith cell at a given water

depth z at time t; A(i) is the area for the ith cell; and z is the vertical position. Fig. 5 shows the
time series of salt content from Experiments 1 (real case simulation), 2 (only diversion and
tide are included, no wind forcing), and 3 (there is no diversion). Solid black line
(Experiment 1) in Fig. 5 shows the time series of salt content variation during the opening of
the spillway. It is found that salt content was decreasing during the first 10 days of the
opening, and maintained a relatively low value after May. The shape of the freshwater plume
on May 16 can be shown by satellite image and model results in Figs. 3c, d, the plume with
more suspended sediment from the Mississippi river was diverted into Lake Pontchartrain.
The edge of the front of the plume was asymmetric, the southeastern edge of the plume and
the southern shoreline formed an acute angle pointing to the east (rectangle 1 in Fig. 3d),
while the western edge and the western shoreline formed an obtuse angle which is pointing to
the south (rectangle 2 in Fig. 3d). As the freshwater being continuously diverted into the lake,
the area of the plume expanded into the whole lake after June 5, 2011.
According to Li et al. (2018a), wind determines the flow pattern inside the lake,
current flows in the direction with wind along the near shore area and against the direction of
the wind in the central interior of the lake (Huang and Li, 2017; Li et al., 2018a). Huang and
Li (2017, 2019) also prove that flows of the Lake Pontchartrain reach a quasi-steady state
balance under changing wind on both barotropic and baroclinic condition through 2-3 cycles
of seiches within several hours (Li et al., 2018a). Therefore, the instant flow snapshot can be

19
This article is protected by copyright. All rights reserved.

used to investigate how different wind directions can affect the circulations of Lake
Pontchartrain. The following examines how wind controls the current and the plume in Lake
Pontchartrain. Figure 6 shows how the shape of the plume is affected by wind. The plumes
with or without wind are compared. Figures 6a, 6c, 6e, and 6g are real case simulations
(Experiment 1) under southerly (12:00 UTC, May, 13th), northerly (12:00 UTC, May 15th),
easterly (16:00 UTC, May 18th), and westerly (00:00 UTC, May 18th) winds, respectively.
Figures 6b, 6d, 6f, and 6h are results with only tidal forcing (Experiment 2). During southerly
wind (Figs. 6a and 6b), the western edge of the plume resulted from Experiment 1 is
extended further to the northern area compared with that of Experiment 2, while the
southeastern edge of the plume from Experiment 1 is constrained further to the west
compared with that from Experiment 2. Northerly wind tends to limit the expansion of the
freshwater plume. The comparison between Fig. 6c and 6d shows that during northerly wind,
the area of the plume from Experiment 1 (the region with salinity lower than 0.2 in Fig. 6c) is
apparently smaller than that from Experiment 2 (Fig. 6d) which is simulated without wind.
Easterly wind facilitates the inward flow from the eastern open boundary,
compressing the plume and keeping it from expanding to the northern and eastern region
(Experiment 1) (Fig. 6e); so that the edge of the plume is more restricted to the western area
than that from Experiment 2 (Fig. 6f). Westerly wind pushes the plume from Experiment 1
(Fig. 6g) to eastern area than that from Experiment 2 (Fig. 6h), making the shape of the
plume from Experiment 1 more elongated in the east-west direction than that from
Experiment 2.
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Above all, the southwestern edge of the freshwater plume can be extended to the east
by the westerly along shore flows induced by the westerly wind, while easterly and northerly
winds tend to compress the plume from extending to the northern area, and southerly wind
facilitates the plume’s expansion to the northern area. In addition, northerly and southerly
wind tend to make the shape of the plume more asymmetric compared with that under tidal
effect.

4.2 Impact of wind associated with cold fronts
Winds during atmospheric frontal passages have significant impact on the
hydrodynamics in coastal waters. For example, hydrodynamic responses to 76 atmospheric
front events in a tidal channel in the southern Louisiana are found to be highly correlated
with the atmospheric forcing: cold (warm) fronts can produce outward (inward) transports (Li
et al. al., 2018b; Weeks et al., 2018). In addition, southerly winds prior to a cold front event
can drive saltwater intrusion (Li et al., 2011; Lin et al., 2016). There were three atmospheric
fronts affecting the study area during the opening of the BCS (vertical lines in upper panel of
Fig. 7) on 06:00 UTC, May 14, 06:00 UTC, May 18, and 18:00 UTC, May 27, respectively.
The first cold front is denoted by the change of wind direction from south to northwest (Fig.
7). Wind for the second cold front changes its direction from north to southeast. The third
cold front is represented by the transient wind direction from northeast to southwest. The
common feature of the three cold fronts is that there is a relatively long period (more than 18
hours) when southerly wind dominated. Wind magnitudes for the time of the three snapshots
being selected are 4 m/s, 3 m/s, and 6 m/s respectively.
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To illustrate the vertical structure of salinity and current, nodes along 2 lines are
selected (Fig. 1). Line 1 is along the southern coast in east-west direction, line 2 has a 45°
inclination from the east-west direction and is along the orientation of the BCS. Velocities are
all rotated to be along and cross the lines. Only the along-line components are plotted in Fig.
7. On May 14th, the currents along both lines 1 and 2 exhibit two-layered structures (Fig. 7a
and 7d). Wind on May 14 is overwhelmingly from the southern quadrants (wind vector in Fig.
7). The water columns along both lines 1 and 2 are almost well mixed, but with vertical
shears of horizontal velocity as demonstrated by the top layer water flowing away from BCS,
and bottom water flowing back towards BCS at lower layer (Fig. 7a and Fig. 7d). The
circulation patterns are consistent with the work by Li et al. (2018a) and Huang and Li (2019),
i.e., surface current and the coastal current flow downwind, while bottom current in the lake
flows against the wind. This is the case for May 18th (Fig. 7e) and May 28th (Fig. 7c, f) when
southeasterly and southwesterly winds were dominating, except for Fig. 7b that the water
column is well mixed. The two-layered flows for the second cold front on May 18th are not as
that obvious as that for the other two cold front events. The wind magnitude is only 3 m/s.
The two-layer flow is the strongest during the cold front event on May 28th with wind
magnitude reaching 6 m/s. The upper downwind layer is thickest for this cold front event.
These results indicate that the thickness of the two-layered flow is related to wind magnitude:
higher wind magnitude can increase the thickness of the upper downwind flow. The
following will further discuss how salinity and current are affected by increasing wind
magnitude.
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4.3 Effects of of magnitude of wind
4.3.1 Sensitivity of vertical structure of salinity and currents
Two lines are selected to illustrate the vertical structure of the salinity distribution and
the current in east-west (line 3 in Fig. 1) and north-south (line 4 in Fig. 1) directions,
respectively. During easterly and westerly winds, when the wind magnitude changes from 4
m/s to 12 m/s (Fig. 8), the surface flow along line 3 is downwind, while the bottom flow
upwind. Both surface and bottom flows become stronger when the wind magnitude increases.
There is a no-motion plane between the two-layer flows (white lines in Fig. 8). As the
magnitude of the wind increases, the no-motion plane migrates downward to a lower layer. In
terms of the salinity distribution under easterly wind, high salinity zone is located near the
eastern side of the line. As easterly wind increases in magnitude, more saltwater is
transported into the lake through the eastern open boundary. As a result, higher salinity zone
expands to a larger area inside the lake. However, when wind is blowing from the west,
saltwater tends to be transported out of the lake through the eastern open boundary, leading to
a smaller saltwater zone as the wind magnitude increases.
During northerly and southerly winds, when the magnitude of wind changes from 4 to
12 m/s (Fig. 9), the surface flow along line 4 is downwind, and the bottom flow is upwind.
Similarly, under easterly and westerly wind conditions, the surface and bottom flows become
stronger when wind magnitude increases. Again, there is a no-motion plane between the twolayer flows (white lines in Fig. 9), migrating to a deeper layer as the magnitude of wind
increases. Since line 4 is north-south oriented with its southern side near the Industrial Canal,
salinity along this line is affected more by the saltwater transported through the Industrial
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Canal at the southern end of the line. During northerly wind, that the surface fresher water is
transported to the southern end, leading to a fresher water zone located in the southern side.
During southerly wind, saltwater is transported through Industrial Canal, resulting a high
salinity zone at the southern end of line 4.
4.3.2 Sensitivity of salt content
Responses of salt content to increasing wind magnitude under the four wind
directions (Experiment 5) is shown in Fig. 10. The salt content is increasing as the magnitude
of wind increases except for westerly wind. Under westerly wind, when wind magnitude is
lower than 6 m/s, salt content is decreasing, when wind is larger than 6 m/s, salt content is
increasing. This is because westerly wind tends to blow more freshwater from the spillway to
the lake when wind is less than 6 m/s, when wind increases to larger than 6 m/s, saltwater
from eastern open boundary is transported into the lake with a rate higher than that of the
freshwater input from the BCS.

4.4 Leakage effect on the hydrodynamics of the lake
4.4.1 Leakage effect on salt content
An amount of freshwater leaks into Lake Pontchartrain through the BCS is added into
the simulation. This amount of freshwater, though small compared with the diversion during
the opening of the BCS, has great impact on the salinity distribution and salt content of Lake
Pontchartrain. Blue line in Fig. 3b shows the variation of salinity when leakage effect is
excluded (Experiment 4). In general, the salinity is lower when the leakage is added. To
illustrate the effect of the leakage on the salt content, we compare the results with
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(Experiment 1) or without the leakage (Experiment 4, Fig. 5). After adding the freshwater
leakage, salt content in the lake is only 800,000 kg at the beginning of the opening of
Spillway. The difference between the two experiments reaches 1,600,000 kg, which means
that the leaked freshwater decreases the salt content in the lake by 2 times. During the overall
opening period of the BCS spillway, the salt content reduced by the leaked freshwater is
about 3.7×108 kg.

4.4.2 Leakage effect on circulation pattern
The influence of freshwater leakage from the Mississippi River can be illustrated by
removing the leakage at the BCS (Experiments 6 and 7). Circulation and the salinity
distribution without the leakage effect for the whole lake are shown in Fig. 11. The frontal
zone of the river plume is much closer to the BCS than that with the leakage (Fig. 6). Salinity
for the water near the eastern open boundary without leakage (Fig. 11) is about 4-5 higher
than that in Fig. 6. For the circulation, flows along the southern shore (Fig. 11) is weaker than
that with the leakage (Fig. 6), indicating that the leakage can enhance the flow along the
southern shore. Under northerly and southerly winds, the surface flows in the central lake are
mainly against the wind (Fig. 11a and 11c), however, this kind of return flow is not shown in
Fig. 6 when there is leakage. In addition, under easterly or westerly wind (Fig. 11e and 11g),
there are some minor but visible gyres in the northern central lake, which are not seen in Fig.
6.

4.4.2 Leakage effect on APED
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The Average Potential Energy Demand (APED) for the whole lake is calculated using
the following equation (Simpson et al., 1990; Li et al., 2009) to determine the water column
gravitational stability:
1

𝜁

∅ = ℎ ∫−ℎ(𝜌̅ − 𝜌)𝑔𝑧 𝑑𝑧

(13)

where h and ζ represent water depth and free surface elevation, 𝜌̅ and 𝜌 represent the

averaged density and in situ density, g is the gravity acceleration, and z is the vertical
position. The larger the APED is, the more energy it needs to reach the vertically-well mixed
conditions, or the more stratified the water column is. The results show that APED decreases
no matter what the wind direction is, namely the water column is more mixed as wind
magnitude increases.
APED without leakage effect for a water column of each nodes is shown in Fig. 12. It
is found that high APED region from Experiment 4 (Figs. 12a, 12c, and 12e) appears in a
band, which is consistent with location of the edge of the freshwater plume from BCS. As the
plume moved to the northeast, the peak values of APED decreases. When wind is excluded
(Experiment 6, Figs. 12b, 12d, and 12f), the band with high APED disappears. High APED
area only shows in the eastern side, which may be resulted from saltwater intrusion from the
open boundary. This indicates that wind has a straining effect (as discussed in Li et al., 2008)
on the stratification of salinity along the edges of the freshwater plume when no leakage is
added. When leakage of freshwater is added (Experiments 1 and 2), APED values are all
decreased (Fig. 13a,c,e), meaning that water is more mixed than that without the leakage
effect. One thing to be noted is that when wind is excluded on May 19 (Fig. 13d), there is a
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larger APED value band under tidal effect compared with that under wind forcing, indicating
that wind facilitates more mixing of the water in this area.

4.4.3 Leakage effect on salinity and velocity
To illustrate the leakage effect on the vertical structure of the circulation and salinity
distribution, Fig. 7 is compared with Fig. 14. From Fig. 14, one can see that on May 14th, the
velocity along both lines 1 and 2 exhibits two-layered structures. A weak vertical variation in
the water column of line 1 is seen at about 16 km away from the BCS, where the surface
velocity reaches its maximum with freshwater on top of the slightly saltier water in the
bottom layers. On line 2, water at 10 to 24 km away from the BCS shows slight vertical
change in salinity. A strong return flow in the bottom layer can be seen. The vertical structure
of salinity on May 18th and May 28th are similar to that on May 14th. A sign of slight
stratification can be seen at the front between the river water from the BCS and the
surrounding water. Generally, the plume from the BCS in the southwestern corner spread to
the northeastern part of the lake.
Compared with the salinity distribution shown in Fig. 7, salinity in Fig. 14 is higher
by 4 PSU, the horizontal salinity difference (4) is also much larger than that shown in Fig. 7
(0.5). The saltier water zone is more extended into the interior, for example, on May, 16, the
water becomes saltier at 10 km away from the BCS (Fig. 14a). However, it is saltier at 23 km
away from the BCS (Fig. 7a). In terms of the vertical structure of the horizontal velocity
along the transect, the return flow in the lower layer on both lines 1 and 2 is stronger when
leakage is excluded. This indicates that with the leakage, water in the Lake Pontchartrain
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tends to be well mixed and fresher. The leakage makes the salinity to drop dramatically,
leading to an almost zero density gradient in the horizontal.

4.4.4 Diversion and leakage effect on quasi-steady state balance
Previous studies have shown that local wind is the main driver of the lake surface
slope in the along- and cross-estuary directions, and can be well approximated by a quasisteady state force balance (Huang and Li, 2017; Li et al., 2018a, b; and Li et al., 2019a,b) in
which no stratification was considered. This quasi-steady state balance is:
0 = −g

𝜕𝜁 𝜏𝑎𝑥
+
𝜕𝑥 𝜌ℎ

(14)

where ∂ζ is the subtidal surface level difference in two directions, ∂𝑥 is the cross- and alongestuary distance (37 or 52 km, respectively). Four points from N, S, W, and E sites around

the lake are selected. In Equation (14), ρ is the water density (1024 kg/m3), h is the average
water depth of 4.0 m. τax is the wind stress in the cross or along-estuary direction (Garvine,
1985):
𝜏𝑎𝑥 = 𝜌𝑎 𝐶𝑑 |𝑊|𝑊𝑥

(15)

where ρa is the air density (1.29 kg/m3), Cd is the wind drag coefficient of 1.24 × 10-3, Wx is
the wind velocity component in the cross- or along-estuary direction with a total wind speed
of W obtained from the NOAA’s NDBC station NWCL1 (Fig.1). Quasi-steady state balance
induced water level difference resulted from Equation 14 is shown in Fig. 15 (purple lines).
Water level difference in the along- and cross- estuary directions in the three different
experiments are calculated: the first one is from Experiment 1 (blue line in Fig. 15); the
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second one is from Experiment 4 (yellow lines in Fig. 15); and the third one from Experiment
3 (red lines in Fig. 15). R2 values between water level differences from Equation (14) and
that from FVCOM experiments are calculated. R2 is the highest when there is no diversion
nor leakage (0.96 in N-S direction and 0.92 in E-W direction); on the other hand, the R2
drops to 0.94 and 0.85 in N-S and E-W directions, respectively, after adding the diversion
and leakage. Fig. 15 reveals that from May 8 to May 25, the discrepancy between the quasisteady state balance induced water level difference and that from FVCOM are the largest.
This is the time period when a large amount of freshwater is diverted into the lake, apparently
interrupting the quasi-steady state balance, demonstrated by a lower R2 value especially in
east-west direction.

5. Discussion: Influence time of freshwater diversion
To quantify the time scale of river diversion effect to reach a given location, we
define the influence time of a given node to be the time between the onset of the diversion till
the salinity decrease to 0 at that node. This quantity is shown in Fig. 16. Obviously, the
further away from the diversion, the longer time it takes to be affected by the river water (Fig.
16a). However, when there is no wind forcing (Fig. 16b), it takes shorter time for the western
and northern regions to be influenced by the river diversion, and longer for southeastern
region to be influenced. This indicates the important role of wind on the evolution of river
plume from BCS. In addition, the time for the whole lake to respond to the river plume is
about 25 days, that means that the river water is full of freshwater after 25 days (red color in
Fig. 16a), which is consistent with Fig. 5 which shows that the salt content reached its
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minimum after Jun 05. During the diversion, we measured the total discharge at the entrance
to the lake using a boat mounted ADCP to be ~ 6000-7000 m3/s. Taking the volume of the
lake as 9.77x109 m3, if the freshwater replaces the estuarine water continuously at the given
rate, it would take about 16-19 days for the entire lake to be filled by freshwater, which is the
same order of magnitude as the 25 day influencing time for the whole lake.
An open-source package, the FVCOM I-state Configuration Model (FISCM, FISCM,
2013) is employed for the Lagrangian particle tracking with 247 freshwater parcels from the
BCS. This offline tracking model shows good performance on tracking bay scallops in
Buzzards Bay using the results from FVCOM model (Liu, et al., 2015). The advection of
each individual particle is determined by:
�⃑
𝑑𝑋
𝑑𝑡

�⃑ (𝑋⃑(𝑡), 𝑡)
𝑋⃑(𝑡) = 𝑉

(16)

�⃑ is the velocity field resulted
where 𝑋⃑(𝑡) is the position of the individual particle at time t, 𝑉
from FVCOM. Fig. 16c shows the positions after 5, 15, and 20 days, and the ending time of
individual particles with the initial positions all at the BCS. Within 10 days (sky blue dots
and blue dots in Fig. 16c), most of the particles are moving in front of the plume so the
positions are in line with the edge of the plume as shown in Fig. 3c. After 15 days of opening
of the Spillway (black dots in Fig. 16c), a large number of particles reach the northern shore,
and a small portion of the particles are outside of the lake already. On Sep 30, 2011, 3 months
after the opening (red dots in Fig. 16c), the particles are randomly distributed on the eastern
side of the lake.
When wind forcing is excluded, the only forcing is tide (Fig. 16d), the particles are
moving towards the southeastern end of the lake and exit the lake through Industrial Canal
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and Chef Menteur after 15 days of the opening of the Spillway. This is due to the Coriolis
force making the particles to stay on the right-hand side facing their moving direction.

6 Summary
The freshwater plume resulted from the opening of the BCS from May 09 to Jun 19, 2011 is
simulated using the hydrodynamic Model FVCOM. FVCOM shows very good performance
in simulating the salinity with a skill score of 0.64. The simulated shape of the plume is
consistent with that obtained from the satellite images. This work is therefore applicable to
tracking the trajectory of the plume nutrient load resulting from river water introduction, and
therefore, it may be useful future studies in predicting the potential for algal blooms along the
frontal boundary.
The shape of the plume is mainly affected by the location of the BCS, the flow rate
and direction and the wind forcing. Southerly wind tends to constrain the expansion of the
southeastern edge of the plume. Northerly wind tends to prevent the northeastern edge of the
plume from expanding. The shape of the plume is more sensitive to easterly and westerly
winds, which tend to limit the edge of the plume extension to the northern shore and stretches
the western edge further to the eastern area.
Increasing wind magnitude tends to increase the total salt content inside the system
under easterly, northerly, and southerly wind directions. Salt content decreases when wind
magnitude changes from 2 m/s to 6 m/s during westerly wind. However, the plume increases
when the wind magnitude is larger than 6 m/s, indicating that under westerly wind, when the
wind magnitude is smaller than 6 m/s, the rate of the freshwater transported into the estuary
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from the BCS is larger than that of the saltwater from the eastern open boundary. When the
wind continues to increase, the rate of the saltwater transported to the estuary exceeds that of
the freshwater transported into the lake, indicating a stronger bottom upwind flow at the open
boundary.
A two-layered flow structure (downwind and upwind) can be seen from the model
results under various wind conditions, similar to the barotropic cases (Li et al., 2018a). When
the magnitude of the wind increases, both surface downwind and bottom upwind flows
increase. However, bottom upwind flows tend to be stronger than the surface downwind flow,
especially in the central region. Along the coast, the predominant flows tend to be downwind,
as in the barotropic cases (Li et al., 2018a). Because of the two-layered structure, there is a
no-motion plane between the upwind and downwind flows, which migrates to a lower layer
when wind magnitude increases. Water with higher salinity is constrained to further eastern
area under westerly wind and extends to further interior under easterly wind. On the other
hand, saltier water extends to further northern area under southerly wind. This control of the
wind on plume movement can determine the amount of nutrients retained in the system vs the
load that leaves the estuary to the coastal ocean, and consequently changes the water quality
and ecosystem health.
Leakage of river through BCS during flooding season has significant impact on
hydrodynamics of the water in the Lake Pontchartrain. The leakage of freshwater reduces
nearly 3.7×108 kg of salt content of the estuary during the BCS spillway opening period,
leading to a drop of 3-4 psu of salinity compared with the condition without the leakage
effect. Leakage of freshwater leads to a tendency of diminishing gyers in the lake, but
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increases the mixing of the water, resulting in a very low Average Potential Energy Demand
(APED) for the whole lake. In addition, together with the influence of diversion, leakage
from BCS tends to have an impact on the quasi-steady state balance. Thus, the R2 between
the water level difference from quasi-steady state balance and that from the FVCOM result
with freshwater diversion and leakage effect is the lowest in both east-west and north-south
directions. The R2 value however is still above 0.8 and the quasi-steady state balance still
holds – the modeled water level gradient still follows the trend of the simple quasi-steady
state balance predicted curve over time. The slight departure from the theoretical curve is a
results of additional surface slope caused by the freshwater discharge from the diversion,
very much similar to the effect of tidally-induced mean slope (Li and O’Donnell, 1997) that
reduces the R2 value of the quasi-steady state balance as discussed in Huang and Li (2019).
It takes about 25 days for the whole lake to be influenced by the river diversion from
a river spillway opening. Salt content drops from 600,000 kg to less than 100,000 kg after 25
days of the opening of the spillway indicating a significant and sustained freshening effect.
This conclusion is consistent with the trajectory of the particles calculated by the Lagrangian
tracking.

Acknowledgements
The research was supported by NSF (OCE-1736713, OCE-0554674, DEB-0833225,
OCE-1140307, EAR-1139997), and NOAA (NA06OAR4320264-06111039) through the
Northern Gulf Institute by NOAA’s Office of Ocean and Atmospheric Research. Our
computation using the FVCOM was performed on the cluster computer of the Louisiana

33
This article is protected by copyright. All rights reserved.

Optical Network Initiative (LONI) HPC systems at LSU. Wind data are obtained from NOAA
(https://www.ndbc.noaa.gov/station_history.php?station=nwcl1;
https://tidesandcurrents.noaa.gov/stationhome.html?id=8761305;
https://tidesandcurrents.noaa.gov/stationhome.html?id=8747437). Satellite image from Earth
Scan Laboratory of LSU. The USGS river discharge, water level, salinity, and weather data
are public domain data. The plume CT data can be accessed from
https://works.bepress.com/Estuary/1/; and the ADCP data from
https://works.bepress.com/Estuary/2/. The data are under the Attribution 4.0 International
(CC BY 4.0) license for maximum dissemination. The data can also be accessed from a
another depository: https://digitalcommons.lsu.edu/oceanography_coastal_wavcis/1/.

34
This article is protected by copyright. All rights reserved.

Figure 1. Study site and model mesh. BCS is the Bonnet Carré Spillway, NWCL1 is the
NDBC station from where the wind and atmospheric data are obtained. Line1 and line 2 are
used to show the vertical structures of velocity during the development of the freshwater
plume. Line 3 and line 4 are selected to illustrate the vertical structure of the salinity and
current distribution in the sensitivity experiments of wind magnitudes. Site 1 (star symbol)
represents the site of the ADCP survey recording the velocity structure on May 11, 2011.
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Figure 2. Freshwater discharge from BCS and the leakage added in the model.
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Figure 3. Validation of water level at New Canal (a) and salinity at the USGS station near
the Rigolets (b). Solid black lines represent the model results (Experiment 1) with the leakage
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effect, solid blue line is the salinity simulated by Experiment 4, excluding leakage effect,
dashed grey lines represents the observations, R2, Skillscore, and RMSE are evaluated for
the Experiment 4, (c) is the satellite image from ESL of LSU, light brown color represents
river waters and dark brown represents areas outside of the river plume, and (d) is from the
model result. Rectangular 1 indicate the angle between the front edge of the plume and the
coastline in the southern shore, Rectangular 2 shows that in the western shore.

Figure 4. Comparison between the vertical structure of velocity from the FVCOM model
(black vectors) and that from the survey (red vectors) on May 11, 2011. The left panel is the
instantaneous velocity comparison between the model and observations; while the right panel
is the instantaneous comparison for salinity: the colored dots in the right panel are salinity
from model output in PSU along the model grids (along roughly the east-west direction) and
the observations in PSU along the ship track (along roughly the north south direction).
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Figure 5. Salt content from Experiment 1 (solid black line), Experiment 2 (solid grey line),
and Experiment 3 (dashed line).
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Figure 6. Salinity and velocity vector during four different wind directions from experiments
1 and 2. Figures 6a, 6c, 6e, and 6g are real case simulation (Experiment 1) under southerly
(12:00 UTC, May 13th), northerly (12:00 UTC, May 15th), easterly (16:00 UTC, May 18th),
and westerly (00:00 UTC, May 18th) winds. Figures 6b, 6d, 6f, and 6h are the cases simulated
only under tidal effect and the wind effect was excluded (Experiment 2). Leakage was
included. Arrows are current vectors.
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Figure 7. Upper panel is the wind vector from May 09 to Jun 06. Vertical black lines
represent the dates of three cold front event during this time period. Lower panel is the
vertical structure of salinity and along-line velocity for nodes along line 1 (a, b, c) and line 2
(d, e, f) on different dates. Results are from Experiment 1. Dates represents the time for three
cold front passages during the freshwater diversion period. Arrows are along-line current

42
This article is protected by copyright. All rights reserved.

43
This article is protected by copyright. All rights reserved.

Figure 8. Vertical structure of along-line3 velocity and salinity under easterly (a,b,c) and
westerly winds (d,e,f). Unit of salinity is psu. Results are from Experiment 5. Arrows are
along-line current vectors.
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Figure 9. Vertical structure of along-line4 velocity and salinity under northerly (a,b,c) and
southerly winds (d,e,f). Unit of salinity is psu. Results are from Experiment 5. Arrows are
along-line current vectors.

Figure 10. Sensitivity of salt content to increasing wind magnitude. Results are from
Experiment 5.
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Figure 11. Salinity and velocity vector during four different wind directions from
experiments 4 and 6. Figures a, c, e, and g are without leakage effect from Experiment 4
under southerly, northerly, easterly, and westerly winds. Figures b, d, f, and h are the cases
simulated only under tidal effect and the wind and leakage effect were excluded (Experiment
6). Arrows are current vectors.

Figure 12. Average Potential Energy Demand (APED) contour plot during three cold front
events. Figs. a, c, and e are resulted from Experiment 4, Figs. b, d, and f are calculated using
Experiment 6.
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Figure 13. APED contour plot during three cold front events. Figs. a, c, and e are resulted
from Experiment 1, Figs. b, d, and f are calculated using Experiment 2.
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Figure 14. Vertical structure of salinity and along-line velocity for nodes along line 1 (a, b, c)
and line 2 (d, e, f) on different dates.

Fig. 15. Water level difference from quasi-steady state balance (purple lines) and from
FVCOM results (blue line from Experiment 1, red line from Experiment 3, and yellow line
from Experiment 4). (a) is water level difference in north-south direction, (b) is that in eastwest direction.
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Fig. 16. Upper panel is the time for each node being influenced by the freshwater diversion.
Figure a is the case under real condition (Experiment 1), figure b is that without wind forcing
(Experiment 2). Lower panel is the Lagrangian tracking with (c) and without (d) effect of
wind.

Table 1. Model design for two groups of numerical modeling.
07/01/201005/09/201106/19/2011Period 05/09/2011
06/19/2011(opening
09/30/2011
of BCS)
Forcing
BCS
Forcing
BCS
Forcing
Wind+
Wind+
Wind+
observed
close
observed
water
open
observed
1
water level
level
water level
No wind + close No wind + tide open
No wind +
2
tide
tide
Wind +
Wind +
Wind +
observed
close observed water close
observed
3
water level
level
water level
Wind+
Wind+
Wind+
observed
close
observed
water
open
observed
4
water level
level
water level
Wind
open
5
Increases from
2m/s to 14m/s
No wind + close No wind + tide open
No wind +
6
tide
tide

Description

BCS
close
close

Real case with
leakage
tidal effect with
leakage

close

Impact of river
diversion

close

Real case
without leakage
Sensitivity
experiments

-

close

tidal effect
without leakage
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